This study uses regional data from the UK housing market to analyse market depth. Market depth is the trading volume required to move market prices by one unit. Two methods are applied in this study to analyse the depth of the housing market. First, the responsiveness of housing prices to changes in volume is measured. Second, the relationships between the housing price deviations from the fundamental level and the trading volume are estimated. The results of this article show that a thinner housing market indicates more housing price deviations caused by temporary changes in volume.
Introduction
This article focuses on price-volume correlations in UK the housing market to analyse market depth. Kyle (1985) proposed 'depth' as the ability of the market to absorb quantities without significantly affecting price. Hence, the responsiveness of housing price to changes in quantity considerably influences the rate of adjustment of the housing market.
A lack of liquidity has often been identified as a potential cause of the inefficiency of the housing market; thus, this market could be regarded as 'thin. ' If trading volume (liquidity) largely affects housing prices, housing price inefficiency -that is, the phenomenon in which prices deviate from the fundamental level -is likely to occur. Previous studies indicated that the housing market operation is inefficient when compared to other financial market operations (e.g., Case & Shiller, 1989; Clayton, 1998; Gau, 1985; Gu, 2002) . Consequently, the depth of the housing market should be explored, and the relation between market depth and housing price inefficiency should be analysed.
In the securities market, price tends to respond immediately to all information because of arbitrage behaviour, which leads to market efficiency. The development of market microstructures directed an increasing interest toward examining the effects of trading volume on price by investigating the relation between trading variables (volume or order flow) and price changes. This approach provides insights into the market because the influence of private and public information on investor demand is revealed (Admati & Pfleiderer, 1988 Numerous studies on the price-volume relationship in other financial markets, especially the stock market, show that trading volume can significantly improve forecast prices. The price-trading volume relationship provides insights into market structures, such as market efficiency, trading restrictions, structure of traders, arbitrage behaviour, rational and irrational behaviours of investors, methods and mechanisms of delivering information, and descriptions of trading activities.
In addition to trading volume, depth is another variable associated with market liquidity. Depth is defined as the maximum quantity that can be traded at a given price. Despite numerous studies on the price-volume relationship in stock markets, few have incorporated market depth in the analysis of trading activity and price movements (Bessembinder & Seguin, 1993; Lee, Mucklow, & Ready, 1993) . As shown in Fung and Patterson (1999) , market depth may provide additional information about the interaction between price volatility and trading volume. The present study estimates the depth of the housing market by illustrating the price-volume relationship.
Previous studies have explored various market depths and explicated the characteristics and problems of each market. Brooks, Harris, and Joymungul (2009) employed intraday data to investigate water resource markets in rural Victoria, Australia and examine the problem of low market liquidity. Pradhan, Arvin, and Ghoshray (2015) researched the correlations among economic growth, oil prices, stock market depth, and other macroeconomic factors (e.g., real exchange rates, inflation rates, and real interest rates) of the group of 20 members from 1961 to 2012. The results confirm a long-running equilibrium between stock market depth and other macroeconomic factors. Tsai (2015) used open interest as the proxy variable of market depth to estimate its effects on volatility, return, volume, and deviations of contract prices from the fundamental level, and aimed to analyse the information content of the depth of the Taiwanese stock index futures market.
Many other studies, including Kavajecz (1999) , Goldstein and Kavajecz (2000) , Goettler, Parlour, and Rajan (2009) , Biais and Weill (2009), and Chen, Kou, and Wang (2015) have employed market depth as a measure of limit order book data. Despite the recent increase in studies on the price-volume relationship in the housing market, related literature in this market remains insufficient relative to those in other financial markets. Given that the depth of the housing market has not been examined, this study fills the research gap. This study determines the depth of the housing market and analyses the connection between market depth and housing price inefficiency. The results can help distinguish the reaction and the transmission of housing market information.
The objective of this study is threefold:
(1) to examine the market depth and the responsiveness of housing price to changes in the volume of the UK 's regional housing markets; (2) to analyse the relationships between trading volume and housing prices; and (3) to determine whether the depth of housing market affects the relationship between liquidity and housing price efficiency
This study is organised as follows. Section 2 presents the literature review and the hypothesis. Section 3 describes the methodologies. Section 4 provides the data and the estimation results. Finally, Section 5 summarises the main findings and draws several conclusions. Kyle (1985) proposed a dynamic model of insider trading with sequential auctions, which is structured to resemble a sequential equilibrium to examine the informational content of prices, liquidity characteristics of a speculative market, and value of private information to an insider. In this theoretical model, Kyle defines market depth as the order flow required to move prices by one unit. The equilibrium of this model concludes that market depth changes with trading activity (volume). Following the concept of market depth in this model, some scholars have suggested different variables to empirically estimate the depth of a market. Bessembinder and Seguin (1993) used open interest as a proxy variable of market depth to observe the liquidity of future contracts and found that depth exhibits a significantly negative effect on contemporaneous return volatility. Kempf and Korn (1999) empirically analysed the relationship between order flow and price changes to obtain the depth of a market. Engle and Lange (2001) proposed a new intraday measure of market liquidity, which directly measures the depth of the market corresponding to a particular price deterioration. Engle and Lange provided an intraday statistic for market depth by measuring the number of shares purchased minus the number of shares sold over a period when prices moved a certain increment. Fung and Patterson (1999) proposed that no consistent, narrow definition of market depth in empirical research has been determined because this area of research has not been fully developed. Subsequent studies have verified that larger market depths can stabilise markets, cause lower short-term price fluctuations (Ahn, Bae, & Chan, 2001) , and attract more market order placements (Ranaldo, 2004) . Chen et al. (2015) proposed a model for limit order books with stochastic market depth. The model that Chen et al. (2015) use demonstrates market depth changes and further explains the price dynamics of limit order markets.
Literature review

Market depth
The responsiveness of housing prices to changes in volume crucially affects the functioning of housing markets. The Kyle model suggests that compared with low depth, high market depth is more closely associated with lower price fluctuations unrelated to fundamentals, given the same trading volume. The present study adopts the definition of market depth proposed by Kyle (1985) , that is, the ability of the market to absorb quantities without markedly affecting price. The current study also estimates the responsiveness of housing prices to changes in volume. The Kyle model uses the reciprocal of the liquidity parameter, lambda, to measure the depth of market. The relationships between the housing price deviations from the fundamentals and the trading volume are determined in this study to obtain Kyle's lambda.
Price-volume correlation
Most empirical studies indicate that volume determines price. Wheaton (1990) , Berkovec and Goodman (1996) , Hort (2000) , Leung, Lau, and Leong (2002) , and Clayton, Miller, and Peng (2010) found that the trading volume would lead the housing price to reflect information. 1 Other studies argued that price controls volume. 2 Despite variations in predicting the lead-lag relations of the variables, previous studies on the price-volume correlation of the housing market considered the positive correlation between price and volume. The studies that have investigated volume-price trends of housing markets, including Wheaton (1990) , Berkovec and Goodman (1996) , Hort (2000) , Leung et al. (2002) , and Clayton et al. (2010) , have revealed that generally, housing prices lag behind the response to trading volume information. High transaction costs, low market liquidity, and traders' irrationality may have contributed toward this trend (Tsai, 2014) .
By contrast, the present study focuses on the positive, contemporaneous relationship between housing price changes and trading volume. This study also determines the depth of the housing markets by an empirical analysis of the relation between volume and price changes. Berkovec and Goodman (1996) found that housing trading volume and housing demand are positively correlated; thus, trading volume is a good indicator of housing demand. In the present study, the housing trading volume is used as the proxy variable of housing demand to analyse the responsiveness of housing prices to changes in volume.
In contrast to studies on financial markets, findings on the depth of housing market have rarely been reported. This phenomenon can be attributed to the difficulty in obtaining housing market data unlike those of securities. No data, such as open interest or order flow, can be obtained from the housing market. In addition to this problem, price-volume correlations in the housing market present a crucial challenge. The purpose of this study is to increase the understanding of housing markets by investigating housing market depths through various methods. Moreover, a new perspective is adopted to examine the pricevolume correlations by determining whether the housing market is too thin to absorb the demand without causing large price fluctuations.
Empirical models
Two methods are applied in this study to analyse the depth of housing markets. First, the responsiveness of housing prices to changes in volume is analysed. Second, this article also estimates the relationships between the housing price deviations from the fundamentals and the trading volume to obtain Kyle's lambda. This parameter, which is the reciprocal of the liquidity parameter, measures market depth. The empirical methodologies used in this article are illustrated below.
To estimate the responsiveness of housing prices to changes in volume, individual series and panel data are used separately for the analysis. Panel data are shown to be more powerful than panel tests when applied to individual series because the information in the time series is enhanced by the cross-sectional data. Fully modified ordinary least squares (FMOLS) estimators introduced by Phillips and Moon (1999) and Pedroni (2001) are used to analyse the panel data in the present study. This methodology improves the conventional ordinary least squares (OLS) estimator by allowing serial correlation and endogeneity of variables.
The equation for estimating the responsiveness of housing prices ( be X; then, the parameter vector β of the conventional panel OLS estimator is estimated as:
For endogeneity and autocorrelation correction, the FMOLS estimator evaluates the covariance matrix, Φ, of the error terms. The matrix can then be decomposed into a contemporaneous covariance matrix and a set of autocovariances. The parameter vector β of the FMOLS estimator is calculated as:
where Ψ XY is a function of the entries of Φ. Another method to measure market depth is by first estimating a liquidity parameter, lambda. Kyle (1985) proposed a dynamic model to examine the informational content of prices, liquidity characteristics of a speculative market, and value of private information to an insider. In the theoretical model, Kyle introduced a liquidity parameter by the equation:
where p is the trading price of an asset, μ is the fundamental value of the asset, and q is the volume. The liquidity parameter represents the relation between the trading price deviations from the fundamentals and the volume, which is also the slope of the market reaction curve in Engle and Lange (2001) . 3 The quantity 1 measures the 'depth' of the market, that is, the volume necessary to induce prices to increase or decrease by one unit. To estimate empirically the liquidity parameter, the fundamental value must first be obtained. Studies regarding the influence of monetary policy on housing price (e.g., Iacoviello, 2005; Mishkin, 2007; Muellbauer & Murphy, 2008; and Vargas-Silva, 2008) have been conducted. Reports have since then been presented, discussing the relationships between housing price and consumption (Aoki, Proudman, & Vlieghe, 2002; Phang, 2004) , as well as housing price and consumer price index (CPI) (e.g., Elbourne, 2008; Mikhed & Zemčík, 2009 ). The monetary policy and the CPI can be considered fundamental factors determining the housing price. In addition, the negative relationship between income uncertainty in the form of unemployment risk (Gathergood, 2011 ) and home ownership is well supported in existing studies. Unemployment rate, a macroeconomic variable, is used to estimate the reasonable level of housing price. The fundamental value of housing price is the expectation value obtained by considering the fundamental factors expressed as:
Equation (4) can be rewritten as
In this study, quantile regression proposed by Koenker and Bassett (1978) to estimate the equation (6) is used to investigate whether varies under the quantile deviations of the trading price. This approach allows estimation of various quantile functions in a conditional distribution. The traditional method using the OLS to estimate a linear regression model merely approximates the median (0.5th quantile) function, whereas quantile regression characterises a particular point of the conditional distribution. Combining different quantile regressions is more useful, especially when the conditional distribution is heterogeneous.
Given the aim of this study, a quantile regression model is used to elaborate on the relationship between the deviations in price and the volume. The model is briefly illustrated below.
Supposing that a linear specification exists for the conditional quantiles of D:
where D t is the deviations of price from the fundamental value, X t denotes the regressors or the trading volume, represents the coefficients that the model aims to estimate (the goal of the quantile regression model is to estimate for different conditional quantile functions), and ɛ t is the error term.
Supposing that the conditional mean of D is (X) = X � and τ denotes the quantile variable, the conditional quantile function can be written as:
To estimate the conditional quantile functions, the expression: needs to be determined to minimize:
is an approximation to the th conditional quantile of D. When τ is close to zero (one), X � t ∧ characterises the behaviour of D at the left (right) tail of the conditional distribution. Koenker and d'Orey (1987) proposed that minimisation problems could be solved by linear programming.
Data and empirical analysis
1. Data
Empirical analysis is conducted using monthly data from January 1995 to March 2013. Substantial financial crises have occurred according to data collected from 1995 to 2013, including the Asian financial crisis in 1997, the dot-com bubble burst in 2000, the global financial crisis of 2007-8, and the European debt crisis in 2010. By using monthly data Tables 1  and 2 , respectively. London, the South East, and the South West are the three regions in the UK with the highest average housing prices, as shown in Table 1 . These regions have consistently exhibited the fastest economic development in the UK. Specifically, housing prices have remained high in this region given that London is a global financial centre. The North East exhibits the lowest trading volume, as indicated in Table 2 . Trading volume indicates liquidity, and these data from regions with different liquidities reflect the relation between market depth and trading volume. The results of unit root tests are also shown in Tables 1 and 2 . Tables 1 and 2 also present the results of the Phillips and Perron (1988) test to examine the stationarity of variables. The unit root tests in Table 1 indicate that housing prices are not stationary and that they are identified with the I(1) series. Therefore, in the empirical tests, the original data of housing prices are not directly used. Table 2 shows that trading volume are stationary series. Thus, the original data of the trading volume are used in the quantile regression. Figure 1 shows the regional house price trends in the UK, and Figure. 2 presents the regional housing market transaction volume. Despite similarities in the house price and transaction volume trends for the different regions, a significant difference is indicated between their fluctuation and volatility levels. This study proceeds to explore the differences in the depth of these markets.
To estimate the fundamental level of the housing price, three macroeconomics variables are considered: interest rate, CPI, and unemployment rate. The sample time period and the data frequency for the macroeconomic variables coincided with the housing price and the volume data series. The data on the macroeconomic variables during the time interval are obtained from the Datastream database. The historical time series of the three macroeconomic variables are shown in Figure 3 . As shown in Figure 3 , macroeconomic performance markedly changes after 2008. The unemployment rate abruptly increases in 2008, thus decreasing housing demand. In adopting a monetary-easing environment, the UK central bank decreased the interest rate to address recession. Such reduction induced an increase in housing demand. In the data period, the CPI continued to increase. Given that housing is usually regarded as an asset that could hedge the inflation risk, the increased CPI may further increase the housing price. Table 3 shows the simple statistics and the results of the unit root tests of the three macroeconomic variables used in this study. The unit root tests in Table 3 indicate that the three macroeconomic variables are identified as I (1) series. Given that housing prices are also I(1) series, cointegration tests can be used to obtain the long-term equilibrium of housing prices. Figure 2 . time series of trading volume. source: author's calculations based on the data from the website of the Land Registry.
Empirical results
The responsiveness of housing prices to changes in volume is first analysed to observe the depth of the housing markets. The results using the individual series are shown in Table 4 . Only two regions, North East and North West, exhibit significant responsiveness. The average of the trading volume is also relatively low in North East, indicating lower liquidity in the regional market. The two regional housing markets are thinner than other markets. Thus, trading activity in these two markets can significantly influence the performance of housing prices. However, in the other regional markets, housing price exhibits no significant response to changes in trading behaviours. These results can be attributed to the problems of serial correlation and endogeneity of the variables. The study thus proceeds with the estimation using panel data.
The estimation using the panel data is shown in Table 5 . The North East, North West, and Welsh markets show significant responsiveness. In these markets, the housing prices are significantly related to the changes in trading volume. Table 5 also presents the 'group' result, which indicates the significantly positive relationships between the changes in housing prices and the trading volume. On the average, the change in volume by 1.42% is estimated to change housing prices by 1%.
This study proceeds with the next method, which is to estimate the depth of these housing markets. Directly assessing the liquidity parameter proposed by Kyle (1985) , the long-run equilibrium level (fundamental value) of housing price is first estimated. The long-term relationships between the 10 regional housing prices and the three macroeconomic variables are examined by traditional cointegration tests (Johansen, 1988) . Table 6 presents the results of Johansen's cointegration analysis. Based on trace statistics and the maximum eigenvalue statistics, the null hypothesis of no cointegration is rejected. Cointegration tests indicate a cointegration vector (long-term equilibrium relation) in these variables. A common stochastic trend is indicated, suggesting a stable long-term equilibrium relationship between the housing prices and these macroeconomic variables. Therefore, the three major macroeconomic variables are used to determine the equilibrium level of price. The error terms of the cointegration vector (long-run equilibrium relation) obtained from Table 6 represent the housing price deviations from the fundamental level. In addition, all error terms represent the housing price deviations regardless of whether housing price is higher or lower than the fundamental level. Therefore, in the current study, the absolute values of the error terms are used as the proxy variables of housing price deviations. This study further demonstrates the relations between the estimated deviations of the housing prices and the trading volume in the 10 regional housing markets. The results are shown in Table 7 .
The deviations and the volume exhibit significant relations. This finding indicates that the liquidity parameters ( ) proposed by Kyle (1985) in the 10 regional housing markets are significantly positive. The significant parameters represent the trading volume (trading activity) that would cause a variation in the housing price. To illustrate the estimated depth ( 1 ) of the 10 regional housing markets, the different market depths in the 10 regional housing markets are presented in Figure 4 . The market depth in the North-East region is determined as the thinnest. Given that trading volume is also an indicator of liquidity, the averages of the trading volumes in the 10 regional housing markets are presented in Figure 5 for comparison. The results in Figure 4 are consistent with those in Figure 5 . That is, the estimated market depth is positively related to trading volume. This study further estimates the quantile regression models to describe the relationships between the housing price deviations from the fundamental level and the trading volume, hence, the calculation of the liquidity parameter proposed by Kyle (1985) . This article uses the quantile regression model to estimate for different conditional quantile functions. This method is adopted to comprehensively analyse the market depth under different housing price deviations. The results of quantile regression models are shown in Table 8 . Table 8 shows that coefficients ( ) obtained from different quantile functions markedly vary. Thus, the depth of the housing market ( 1 ) is significantly related to the housing price deviations from the fundamental level. The coefficients tend to become large and significant when the deviations are high. Figure 6 presents the coefficients showing the relation between the deviations and the volumes under different quantile regressions. The area between the dotted lines indicates its corresponding 95% confidence interval. These data can provide in-depth understanding of the relationship, especially when the conditional distribution is heterogeneous. The 10 regions exhibit a similar pattern in the various coefficients obtained by different quantile functions. The liquidity parameter is positively related to the housing price deviations, suggesting a negative relation between the depth of the housing market ( 1 ) and the housing price deviation. Table 8 and Figure 6 indicate that a thinner housing market tends to exhibit more housing price deviations attributed to temporary changes in volume.
As shown in Table 9 , a robustness test is conducted. Price change is substituted for the housing price deviations from the fundamental level to estimate (6). The substitution enables verifying the necessity of conducting an estimation by using the deviations in Table 7 . The results in Table 9 indicate that in Table 7 , the neighbourhoods with estimated high values of liquidity parameters (λ) such as the North East and East, display proportionally high values in Table 9 . In other words, both the volume-price deviations and the volume-price change methods yield identical results for comparing local market depths. However, employing only the price change caused by transaction volume to explain the market depth is not as rigorous as the methods employed by studies regarding other markets.
Conclusion
This study focuses on the price-volume correlations in the UK housing markets to analyse market depth. Adopting the concept of market depth proposed by Kyle (1985) , this study employs regional data from the UK housing market to analyse the trading volume required to move prices by one unit. The relationships between house prices and trading volumes are not significant, as indicated by the results in the individual series. However, the results obtained using the panel data show that an average change in volume by 1.42% would cause a change in the housing price by 1%. This study directly estimates the liquidity parameter, which represents the relationship between the housing price deviations from the fundamentals and the trading volume. By OLS estimation, the depth of market is shown to be consistent with the trading volume across the regional housing markets. Using quantile regression, this study shows the significant relation between the depth of housing market and the housing price deviations from the fundamental level. A thinner housing market indicates more housing price deviations caused by temporary changes in volume.
This study illustrates another indicator of liquidity and explores the responsiveness of housing price in different regional housing markets. Given that the lack of liquidity is a potential cause of inefficiency of the housing market, market depth analysis can predict the response of the housing price and evaluate the effectiveness and the effects of policies in different housing markets.
Studies on the UK housing market have mostly examined the efficiency comparisons of various regional housing markets and correlations of regional housing prices. The present study describes the regional housing market depths and verifies the relationships between the transaction volume and housing price deviations. Subsequent studies should investigate whether the market depth causes the correlation or inefficiency of the regional UK housing market.
If the UK housing policies enable market depth increase, the UK housing market will be more efficient, and short-term deviations of housing prices will occur less often. For UK citizens and investors, a high frequency of buying or selling caused by relocation needs may result in irrational price changes when regional housing market depths are low. Such a phenomenon of housing price deviations determines whether the current market favours buyers or sellers.
Notes
